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Abstract
This report documents the design process from concept generation to manufacturing for a hand and
foot powered cycle named the Quadricycle. The Quadricycle project is a joint effort at California
Polytechnic State University in San Luis Obispo between the mechanical engineering and kinesiology
departments. The project objectives are to design a portable cycle that can be powered by hands and
feet simultaneously in order to provide recreation and rehabilitation for a person with a disability. This
project is funded under a grant by the National Science Foundation (NSF).

Chapter 1 Introduction
Daily tasks can be a challenge for people with physical disabilities, and one of the most important of
those is getting a sufficient amount of exercise. For our senior project we are tasked with designing and
manufacturing a hand and foot powered cycle to be used for exercise and mobility by our customer,
Scott Davis of Atascadero, California. The main objective of this project is to build a cycle that Mr. Davis
can power predominantly by hands and upper body strength, but also allow a cycling motion and some
power input by foot in order to get a full body exercise.
Our team, TetraSource Cycle Designs, consists of teammates Marissa Chin, Parker Drennan, Spencer
Nelson, and Kevin Reidy. We are currently all mechanical engineering seniors working under advisor,
Professor Sarah Harding of the Mechanical Engineering Department and supervisor, Dr. Kevin Taylor of
the Kinesiology Department, both at California Polytechnic State University in San Luis Obispo,
California. Our goal is to provide Mr. Davis with a quality product that will allow him to have freedom
and mobility while exercising. Our stakeholders in this project include our advisor, supervisor, client,
future athletes with disabilities, and the National Science Foundation providing the grant.

Chapter 2 Background
The spinal cord is the main column of nerve tissue connecting the brain to the rest of the body. When
the spinal cord is injured, depending on the location of the injury, the patient can have varying levels of
paralysis. People with spinal cord injuries may face challenges due to varying levels of functional ability,
but like everyone, still need plenty of exercise.
Scott Davis, our sponsor and client for this project, has a C5 level spinal cord injury which is
approximately at the deltoid/bicep height. Due to the location of his injury, he had very limited use of
his arms and legs. He spent several months at a program called Project Walk and through rigorous
rehabilitation he was able to regain a significant amount of upper body and leg muscle control.
In order to achieve an appropriate amount of daily exercise, a hand and foot powered cycle is ideal for
Mr. Davis. While there are many companies who design and manufacture hand cycles and recumbent
cycles, there are few that produce a product that meets Mr. Davis’ needs. The main design feature that
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will differentiate our cycle from anything else on the market today is that it will allow parallel hand and
foot power, adapted to Mr. Davis’ abilities.
Our project is very similar in scope to the Hand and Foot Powered Cycle (FAHC1) by Life Element
Designs, a senior project that concluded in December, 2009. The goal of Life Element Designs was to
design a cycle for their customer John P. Lee. Mr. Lee, like Scott Davis, has limited muscle control due to
a spinal cord injury, however no two injuries are alike, and therefore our cycle will be adapted to Mr.
Davis. By studying the final product as well as the design process for the FAHC1, we hope to determine
what aspects of the final design to incorporate into our cycle.
Life Element Design’s first prototype is shown below Figure 2-1 Life Element Designs FAHC1 is a tricycle
that incorporates a method for parallel hand and foot power. Steering is performed by way of a rack
and pinion system operated by the hand bars. The major difference between our design and the FAHC1
will be the method of hand power. Our design will incorporate a crank and hand “pedal” configuration.

Figure 2-1 Life Element Designs FAHC1

To prepare for the design process we have researched some of the current products available today that
aim to solve a similar problem. Many companies build hand cycles and recumbent bikes and some even
build a hybrid of the two. The different designs and configurations range from upright sitting position to
kneeling to an almost flat leaned back position.
Each
configuration has its strengths and are chosen based on the
desired use.
For example, a hand powered tricycle made by Invacare, the “Top
End Force R” model (Figure 2-2), is a low slung cycle in which the
rider sits leaning backward at approximately a 45 degree angle.
The feet are supported by a rest attached to the front wheel
Figure 2-2 Invacare® Top End® Force 'R'
assembly. Steering, braking and power delivery are accomplished
through the hand crank mechanism. The Top End Force R is clearly a racing and sport cycle where
aerodynamics and weight are a major concern.
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The BerkelBike Pro, made by the company BerkelBike, is by contrast
a hand and foot powered cycle made for casual and leisure exercise
use, as opposed to competition (Figure 2-3). The purpose of the
company and their product is to allow people who have spinal cord
injuries to exercise the muscles that they no longer have control
over. According to the company and its founder, Rik Berkelmans,
electrical stimulation of these muscles by way of Functional
Figure 2-3 The Berkel Bike Pro
Electrical Stimulation will hinder their atrophy. The rider sits
upright, and the feet are placed into the pedals. The electrical stimulation of muscles allows them to
contribute to the cycle power and is provided by a device called ‘impuls’, which is fitted to the rider in a
pair of shorts.
On the other end of the spectrum of recumbent bikes lies the popular
“tadpole” trike configuration. The term tadpole generally refers to
trikes that have two front wheels, one foot powered rear wheel, and
are steered by linkages and handles placed to the rider’s sides. One
reasonably priced example of this style of cycle is the TerraTrike® Path
model shown in Figure 2-4. The entry level Path is powered through a
3 or 8 speed drivetrain and is stopped by two front disc brakes.

Figure 2-4 The TerraTrike® Path

One very unique design that we reviewed during our research was a one-off tricycle designed by Kerry
McLean called the All Body Workout (ABW) Trike, shown in Figure 2-. According to a website devoted to
his creations, Mr. Mclean originally designed and built the machine for a man with a disability. The
design incorporates a hand crank and a foot crank that simultaneously power the single rear wheel,
while steering is accomplished by rocking the seat about a pivot located just below.

Figure 2-5a The McLean All Body
Workout Trike

Figure 2-5b The McLean ABW Trike Steering Demonstration

The common trait that all of these designs share is that they are supported by a strong foundation of
research and take advantage of their users strengths. During our concept development phase, we
considered the design features that each of these models uses to accomplish steering, braking, and
power delivery.
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Chapter 3 Design Development
3.1 Specifications
Our overall goal for the hand and foot cycle is to design and build a cycling device that our client, Scott
Davis, can use while being able to transport easily.
From our initial meeting with Mr. Davis and the kinesiology department, we prepared a list of
requirements and specifications:


The cycle must be powered mainly by hands, specifically in a circular, synchronized, prone
pedaling motion; the feet must move in a cycling motion as well and allow for parallel cycle
power. We will accomplish this by using a chain drive mechanism that connects the hand crank
to the foot crank.



Gears should be similar to a normal bike (21 speeds is one typical configuration; we can have
less). Mr. Davis mentioned how, unlike a bicycle rider, a hand cycle rider lacks the ability to use
body weight to gain a torque advantage. Therefore a low (under drive) gear is necessary and
will be considered in order to climb hills or start moving from an idle position.



Ease of assembly and disassembly is very important. Our initial goal is for the cycle to weigh less
than 50 lbs for portability and have push button release wheels for quick disassembly. The cycle
must have the ability to be taken apart in some capacity, and must fit into a typical vehicle or
truck bed.



Flywheel Concept: As mentioned by the kinesiology team, a flywheel might be useful to include
on the foot crank. A flywheel, with the help of hand power, would allow the feet to recover
from the pedaling extremities quicker using momentum to keep the rider’s feet moving.
Although the hand crank should provide enough momentum for the feet when in motion,
additional analysis will be needed to see if the flywheel will be helpful.



Upgradeable: If cost and time permits, the cycle will be equipped with an electric assist motor
for climbing up steep inclines and/or resting tired muscles. Also, we hope to be able to add
some health diagnostic equipment to the bike such as a heart rate monitor.
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Table 1 is a tabular representation of the technical requirements for our project.
Table 1 Technical Specifications for the Quadricycle

Spec # Parameter Description

Requirement or Target Tolerance Risk Compliance

1

Weight

50 lbs

MAX

H

A, I

2

Turning Radius

12 feet

 2 feet

M

A, T, I, S

3

Ride Height

5 inches

+ 3 inches

M

A, I, S

4

# of Wheels

3 wheels

EXACT

L

S

5

Cycle Width

25 inches

 5 inches

M

I, S

There are three levels of risk, (H)igh, (M)edium, and (L)ow for reaching these goals. For compliance, A
represents Analysis, T represents testing, I represents Inspection, and S represents similar designs. We
have decided that weight is our highest risk (most difficult) item to accomplish. All specifications listed
are based on already developed high-end hand cycles. All other specifications can be seen on our
Quality Function Deployment (QFD) analysis sheet attached in Appendix A.
The QFD “House of Quality” table in Appendix A weighs our customer’s needs and requirements with
our own specifications (developed from the customer’s needs). Each need is compared with each
specification and rated on the value of importance between the two. Weights are added to each need
based on the importance to the customer. Based on our analysis, specifications such as weight, size,
material selection, and width are the most important factors when building the Quadricycle.
Specifications such as wheel diameter, turning radius, and camber may have less of an impact on the
overall design of our cycle.

3.2 Concept Generation
We used numerous concept generation methods to ensure a wide range of ideas were generated. The
first method was to create a morphological attributes list. A morphological attributes list consists of
brainstorming all the possible configurations of the sub-components of the cycle. A list of ideas for each
attribute was generated, whether it was practical or not. After completing the morphological attributes
list, we randomly connected ideas from each category to generate a concept design. This process was
very useful because it allowed us to think beyond existing combinations that we had found during our
research. Many of the feasible concepts that we generated from this method combined features from
different cycles, which we wouldn’t have initially thought would work together.
Another concept we applied was a list of alternative actions. The purpose of this method is to guide the
designer in new directions by listing random verbs that apply to the goal of the project. In our case, we
used action words like pedal, turn, push, pull, rotate, lengthen, and shorten. With each action verb, we
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carefully thought about how we were to accomplish each verb with our cycle. This method helped with
brainstorming ideas for each sub-assembly.
The last method we tried using was S.C.A.M.P.E.R. (Substitute. Combine. Adapt. Modify. Put to other
uses. Eliminate. Rearrange or Reverse.) This method has the designer think of ways to alter existing
concepts. Since we found an abundance of existing hand and/or foot cycle ideas, this method was very
applicable to our concept generation. With our budget and the availability of used cycle parts in mind,
altering an existing cycle design seemed very appropriate for our task. However, even with the
“rearrange” part of the method, it was hard to develop a completely different layout of the cycle, which
led us back to limited ideas. The product of our initial brainstorming sessions was five distinctly
different concepts.
3.2A Modified Existing Hand Cycle with Foot Pedaling
This design will involve the modification of an existing hand cycle
frame provided by our customer, Scott Davis. The hand cycle is a
simple Top End® hand cycle with fork steering similar to the steering
on a regular bicycle shown in Figure 3-1. All of the driving power is
located on the front wheel attached to the fork steering. The braking
lever is mounted to the hand pedals, and the entire braking system is Figure 3-1 Donor Hand cycle: Top End®
“Action Simply Smart”
mounted to the front fork steering. The major modification involves
adding foot pedals and coordinating the power delivery with the existing hand power supply.
3.2B Seat Steering Tricycle
The seat steering concept, shown in Figure 3-2, is a unique
idea involving the rider’s core muscles to provide the act of
turning. Unlike our other concepts, this cycle has 1 rear
wheel and two front wheels. Hand and foot power is routed
by chain to the back driving wheel. The seat is mounted on
a “steer shaft” that is attached to the front wheel kingpins
by tie rods. The foot pedals are positioned in front of the
Figure 3-2 Seat Steer Sketch
front wheels. Stiffness in the turning seat shaft is provided
by two or more torsion springs attached to the moving shaft that allow the seat to return to the upright
position easily.
3.2C Delta Leaning Steer
The lean steering concept is similar to the seat steering
concept. The rider uses core muscles to lean the entire
front frame in making a turn. The swiveling frame is
accomplished by a swivel joint located behind the seat
along the frame. This joint allows the entire front end of
the bicycle to lean into a turn and allows the rider to be in
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Figure 3-3 Delta Lean Steer Sketch

line with the driving pedals at all times.
3.2D Hand Front Power, Foot Rear Power
This design is similar to the first concept; however, the
hand power is routed to the front wheel and the foot
power is routed to the rear wheels. Having separate
driving wheels provides more variation in power between
the hands and feet. The steering is provided by fork
steering as in concept #1. The brake levers are attached to
the hand pedals.
3.2E Rowing Bike
This design is another extremely unique concept. This
concept uses rowing motion in the hands and feet to provide
power. Similar to a rowing exercise machine, the hand and
feet spin flywheels that, in turn, provide motion to the
driving wheels. Normal rowing bikes sold commercially are
steered by leaning like a conventional bicycle. It is unclear at
this point how this concept would steer.

Figure 3-4 Hand Front, Foot Rear Power Sketch

Figure 3-5 Rowing Bike Sketch

3.3 Concept Evaluation
After generating our five concepts, we used a decision matrix, shown in Figure 3-6 to compare them side
by side against our needs and specifications. First we listed all the specifications for the cycle provided
by our sponsor and from our background research. For each specification, we evaluated its importance
and rated it on a scale from 1-6 (6 being very important). At first, a three-point scale was used for
weight ranging from somewhat important (1) to extremely important (3). The weighted importance was
doubled to show larger differences between designs and allowed for other not as important
specifications to be included at lower weighted values. Every concept was judged based on how it would
potentially meet the specifications. The datum for our matrix is the Life Element Designs FAHC1. It was
difficult to find a production cycle that closely meets our specifications. The FAHC1 was chosen as the
datum because it is a student designed cycle that was built for a similar purpose to ours. Each cycle
concept was graded with -1, S, and 1, which indicated how well the concept met the specification
compared to the datum: 1 = better, s = the same, -1 = less. The value for each concept was multiplied by
its specification’s importance and a total was summed for each.

12 | P a g e

Quadricycle Concepts

Specification

Importance

Light Weight <50lbs

5

Datum : FAHC1

Modified Existing Hand
Cycle (1Fr, 2Rr, FWD)

Seat Steer
(2Fr, 1Rr, RWD)

Delta Leaning Steer Pivots
Behind Seat (1Fr, 2Rr,
FWD)

Hand Front Power Foot
Rear Power
(1Fr, 2Rr, AWD)

"Rowing" Bike (1Fr, 2Rr, RWD)

D

1

1

1

-1

1

1

1

1

-1

s

1

1

1

1

1

s

s

-1

s

s

1

s

-1

-1

-1

-1

-1

-1

-1

-1

1

1

-1

-1

-1

1

1

1

-1

1

-1

-1

s

4

Portable

3

Storable
Durable - Road Use,
Occasional Curbs

6

Safe
Ease of Manufacture
Comparable Power
Transmission to Regular
Bicycle multiple gearings
Independently usable
(compatible for people
with disabilities)

A

3
T

4
4

U

6

s

s

4

s

1

Repairable (off the shelf
parts) potential

4

1

-1

-1

-1

-1

circular, synchronized,
prone, pedaling motion

6

1

1

1

1

s

Aesthetics

2

s

1

1

1

1

Stability Potential

2

s

s

1

1

1

Ease of Dissasembly

4

1

1

1

1

1

Advantage to Customer's
Strengths (Upper body vs.
Lower Body Strength)

2

1

1

1

1

1

40

32

12

-15

6

Cost of Production
Comfortable

1

Total

M

Figure 3-6 Quadricycle Decision Matrix

Upon completion of this analysis, three of the concepts could be eliminated quickly. The Delta Leaning
Steer Cycle scored low because its specific lean steer design could potentially be unsafe and has
inherent complexities that would make it difficult to manufacture. The Rowing Bike doesn’t meet Mr.
Davis’ need for the circular, synchronized, prone cycling motion. The hand front power-foot rear power
cycle was clearly the lowest mainly because it promises challenges to portability and disassembly. Also,
the weight of the cycle will be higher with this power train configuration.

3.4 Top two concepts
The two highest scoring design concepts were the Modified Existing Hand Cycle and the Seat Steer
Cycle. Since both concepts scored well above the others, we had to consider other factors to choose
one over the other.
Based on preliminary analysis, the Modified Existing Hand Cycle concept seemed to adequately meet
our basic design requirements. The addition of foot power, foot pedal, and sprocket, could be
accomplished using off the shelf bicycle parts. The frame is made from lightweight aluminum making
transport easy, and we could incorporate disassembly features such as removable wheels and seat as
well as folding components.

13 | P a g e

The Seat Steer concept also meets our project requirements sufficiently. Like most recumbent bikes, it
would use an inherently stable two front wheel design. This concept could incorporate the same
disassembly methods as mentioned for the modified hand cycle. To keep the weight within
specification, the frame would be constructed of aluminum. Despite the material choice, the seat
steering mechanism will undoubtedly make this design heavier than the modified hand cycle but not
prohibitively so.
After an extensive analysis of the Modified Existing Hand Cycle (performed during the final three weeks
of the Winter 2010 quarter), we concluded that the complexities and potential problems associated with
this concept make it an impractical choice. As a result, we chose to proceed in the development of the
Seat Steer concept, beginning with the construction of a preliminary concept prototype, shown in Figure
3-7, to test the practicality of the seat steering mechanism.

Figure 3-7 Seat Steer Prototype

While the prototype has no drive train, foot pedals and a handle were provided to simulate the feet
placement and leverage that the rider could use to shift his weight on the seat. The steering action was
tested by coasting down a slight hill. The steering mechanism on the prototype functioned well and
provided us with tremendous insight with which we could move forward with a more refined design.

3.5 Preliminary Analysis
One of our main concerns for this concept was that an adequate turning radius would be available with
the rider leaning at a comfortable angle. Based on the available recumbent turn radius of about 9.5 ft,
we calculated the appropriate linkage lengths to accomplish this with a seat angle of about 20 degrees.
We then built the prototype shown in Figure 3-7 to those specifications and had our customer, Scott
Davis, sit in the seat to test it. From this simple test, we determined a maximum lean angle of 15
degrees would be appropriate.
To ensure that adequate torque and traction would be available to climb hills, we performed a
preliminary statics analysis of the overall cycle. Assuming a typical value for the coefficient of friction,
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we calculated that our proposed configuration would supply enough traction to climb at least a 13%
grade.
We also performed a force analysis on the drive train. Our calculation told us that using the existing
1.33:1 low gear ratio with a 2:1 hand and foot reduction would result in adequate mechanical advantage
to climb a 15% grade. Since the variables such as steepest hill grade, maximum applied hand and foot
force, and coefficient of friction between the tire and asphalt are somewhat subjective or difficult to
determine, we have created a spreadsheet so that we can change the values and quickly see the effect
of changing design parameters. A sample of these calculations can be found in Appendix D.
To help visualize limb motion and human-machine interaction, we constructed a solid model of our
concept in SolidWorks®, a computer aided design (CAD) program. We obtained a human SolidWorks®
model and modified it to have the same arm and leg dimensions as our customer, Scott Davis. This
analysis has provided us with invaluable insight into how our design will be restricted by arm, hand, and
leg movement. Figure 3-8 shows a SolidWorks® drawing of the human model with our design.

Figure 3-8 SolidWorks Model of Quadricycle Concept with Human Model

Chapter 4 Description of Final Design
4.1 Overall design
As described in the concept generation section (3.2), our final design is based on the Seat Steer concept.
Figure 4-1 is a SolidWorks® drawing of our final design. The basic three wheeled cycle layout is similar to
a traditional foot powered recumbent cycle, but includes many provisions to allow for parallel hand and
foot power. Since the hands and feet will both be involved in powering the cycle, steering will be
accomplished by leaning the seat a maximum of 15 degrees to horizontal. The seat is connected to the
front wheels through a series of rods and linkages. The cycle has been divided into 5 subsystems (frame,
steering, drivetrain, seat, and brakes) which are described in detail in the following sections. Refer to
Appendix C for technical drawings of each subassembly. Appendix G contains manufacturer drawings
and data for any “off the shelf” parts used on the Quadricycle.
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Figure 4-1 Final Quadricycle Design

4.2 Detailed Design Description
Frame
Since our concept closely resembles a foot powered recumbent cycle, the frame design process began
by studying several of these cycle on the market today. The basic recumbent frame consists of a single
tube that runs down the center of the cycle, two tubes extending out to the front wheels, and some
form of stay for mounting of the rear wheel. Our frame design, shown in Figure 4-2, is similar but
includes a triangular cutout section for the accommodation of the steering mechanism, and will
incorporate a bicycle rear stay.
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Figure 4-2 Frame Assembly

The main frame tube diameter was chosen as 1.75 inch outer diameter with a 0.065 inch wall thickness.
This is the same diameter tube as is used on comparable recumbent cycles on the market, and will
provide adequate stiffness for the expected loading.
The front wheel tubes and the tubes that make up the triangular shape in the front will have loads
applied from the foot pedal boom. The tubing dimensions are based on similar recumbent tricycle
designs since our design has the same track width and wheelbase. The wheel tubes will be 1.25 inch
outer diameter, with a 0.065 inch wall, and the two support tubes will be 1.25 inch outer diameter with
a 0.065 wall thickness.
The kingpin mounts and the wheel tubes were designed based on the geometry of the TerraTrike®
spindles that will be used to mount the front wheels. The wheel tubes are inclined at an angle of
approximately 12 degrees to account for the centerpoint angle built into the hub/spindle part. A more
detailed description of this part and the required geometry is below in the steering section.
The rear stay will be taken from a salvaged mountain bike and modified as necessary to obtain the
geometry shown in Figure 4-2. Traditional recumbent cycles have a fixed seat which is incorporated into
the rear stay, however since our seat must move, the stay requires a vertical post to connect all of the
tubes.
We chose to use an existing bike frame stay to accomplish the rear wheel mounting. There are two
reasons for this. First, this version of the Quadricycle is a prototype and we do not know the exact
optimum geometry for the rear wheel mount. The testing phase of this project will show us what rear
frame geometry is appropriate, and future versions of the Quadricycle may use a fully fabricated stay
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assembly when the optimum geometry has been determined. Secondly, the bicycle stay saves time and
cost in manufacturing.
Steering
Basic Operation
Steering is accomplished through a rocking motion of the seat. Figure 4-3 shows the Quadricycle in the
turning position with a seat angle of 15 degrees. The seat is mounted directly to a ½ inch diameter solid
rod that transmits the steering rotation to the front wheels via a vertical steering bracket and tie rods as
shown in Figure 4-4.

Figure 4-3 The Quadricycle with a 15 Degree Seat Lean

Figure 4-4 Steering Assembly

18 | P a g e

The steer rod is mounted to the frame using bronze bushings and steel mounts. Since disassembly of
the Quadricycle steering system is necessary, the bushing mounts are split and the caps can be removed
to allow the rod and seat to be completely removed from the cycle. Thrust loads are transmitted
between the seat and the steering rod via stainless steel split shaft collars that will be installed on the
rod and press closely against the bronze bushing vertical face. The vertical steer bracket shown in
Figure 4-4 is pinned to the rod and bolted in place with a ½ inch stainless steel nut. The seat frame (not
shown in Figure 4-4) will be welded to the steer rod.
Ackerman Steering Compensation
Any four or three wheeled vehicle with two wheels in the front requires steering geometry
compensation for maximum stability during turns. As the vehicle executes a turn, the inside wheel
makes a smaller radius arc than the outer wheel and as a result the angles that the wheels make relative
to the chassis are different. Compensation can be made to account for this and is commonly referred to
as Ackerman compensation. If compensation is not made for these required angles, excessive tire scrub
and instability will occur. For the Quadricycle, this compensation is performed by locating the tie rod
mounting points appropriately.
The front wheels are mounted to a hub/spindle that is based on the TerraTrike® recumbent part shown
in Figure 4.5. This replacement part is used for many different TerraTrike® models, and will be used on
the Quadricycle with slight modification. Due to differences in the Ackerman compensation design for
these TerraTrike® models, the tie rod mounting point will need to be moved.

Figure 4-5 TerraTrike® spindles and modification

Centerpoint Angle
Another important aspect of wheel geometry is the centerpoint angle. The purpose of this
angle is so that the steering axis line of action passes directly through the contact patch
between the tire and the road as shown in Error! Not a valid bookmark self-reference.. This
geometry, also known as “zero scrub radius”, minimizes the impact that road irregularities
such as bumps and potholes have on the steering. A more extensive discussion of these topics
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Figure 4-6
Centerpoint Angle

can be found in Fundamentals of Ground Vehicle Dynamics by Thomas D. Gillespie.
Drivetrain
The Quadricycle drivetrain delivers parallel hand and foot power to the rear wheel via chains and
sprockets. The drivetrain consists of all of the parts shown in Figure 4-7 highlighted in blue.

Figure 4-7 Quadricycle Drivetrain

Figure 4-8 Hand and Foot Pedal and Bottom Bracket Configuration

There were several design aspects that had to be accounted for in the design of the drivetrain. One, the
user needed to get into the trike without interfering with the drivetrain. For this, an adjustable bracket
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was designed to allow the top bar of the drive train to move out of the way. Another concern with the
drive train was making sure the hands and the feet did not interfere when pedaling. Extensive
SolidWorks modeling was done to ensure our customer, Scott, could fit into the trike without any
unwanted interference when pedaling.
There are a total of three bars that make up the framework of the drive train (Figure 4-8). The bottom
bar that connects the frame to the rest of the drive train is a single chromoly steel tube. Two bars, one
short and one long, extend upward and are welded to the bottom bar. These three bars form a triangle
shape, with the long bar extending further. The top end of the long bar marks the position of the hand
crank. The formation of the three bars can be seen in Figure 4-8.
The chain is routed from the hands to the feet on the left side through two chain rings of equal size. On
the right side, the chain is routed from a 3 speed chain ring on the foot crank to an 8 speed cassette on
the rear driving wheel. We have implemented a way to have the hand and feet pedaling motion
independent of each other. DaVinci Tandems® has developed a device for independent driving with an
intermediate shaft. This intermediate shaft has two single-speed freewheels that allow the feet to pedal
independently from the hands. Although costly, this allows our client to ride the cycle smoothly. The
chain routing concept is illustrated in Figure 4-9.

Figure 4-9 Chain Routing

The foot and hand pedals consist of several specialty components. The foot pedals consist of a regular
pedal with an attachment for calf support. The actual calf support is a plaster cast molding and will be
molded specific to our customer in the building process.
With the selected cassette and chain ring, the Quadricycle will be able to achieve a low gear of 22:34
and a high gear of 44:11. This means that in low gear, the user will be able to transmit approximately
130 ft-lb of torque if 150 lb of force is given at the hand and foot pedals combined. In high gear, the
user will be able to travel at a speed of approximately 28mph with a 90rpm cadence.
Analysis was done on the top and bottom bars to ensure deflection was kept to a minimum. Given a
rider can exert a maximum of 200 pounds of force on the crank arms, the maximum deflection on the
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bottom bar was found to be approximately .0002” and .125” on the top bar which is acceptable for our
application. All detailed calculations can be seen in Appendix D.
The hand pedals were designed to provide the maximum amount of leverage that would be possible
with a standard off the shelf hand pedal design while also allowing sufficient room to avoid knee
interference. Figure 4-10 shows the hand pedal design.

Figure 4-10 Hand Crank Assembly

A simple statics analysis was performed to show that a tubing diameter of 1.0 inches with a wall
thickness of 0.065 inches would perform sufficiently without failure or significant deflection.
Seat
Our main goal for the seat was to be lightweight, comfortable, and also sturdy enough to handle the
lean steer motion. The seat is roughly based on seat frames for existing lightweight recumbent cycles.
Recumbent cycle brands including Greenspeed, Catrike, and ICE Bikes all use metal tubes for the
skeleton-shape of the frame. Our seat design has a similar frame shape to the Greenspeed recumbent
cycles, except with certain modifications to allow seat steering. The bottom support bars have holes
drilled to mount the steering rod to, as shown on Figure 4-11.

Figure 4-11 Bottom Brackets Attached to Steering Rod
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The bottom bracket is welded to the steering rod, which is the only permanent connection to the bike
frame itself. A mesh cover is used to wrap around the metal frame, which provides the seat support for
the rider. The seat mesh is shown in Figure 4-12.

Figure 4-12 Seat Mesh and Foam on Seat Frame

Another key addition to the seat frame is the spring assistance. Springs will be attached from the seat to
the frame to ensure leaning support and return assistance. Based on a static analysis with a 15 degree
lean angle and a 160 lb rider, we have determined that a spring constant of 11.9 lbf/in and a spring
length of 4 inches. This calculation can be found in Appendix D.
Brakes
We chose to use two front mechanical disc brakes, as shown in Figure 4-13,
primarily because they will provide the best stopping power for the tricycle.
When stopping any ground vehicle, the majority of the available traction to
provide stopping force comes from the front wheel(s). This means that the
front wheels should be performing the majority or all of the braking. With this
knowledge we have determined that two front disc brakes would be
satisfactory, versus the alternative of one rear disc brake or one brake per wheel
(due to higher cost). This is also the configuration used by most entry level
trikes on the market today.

Figure 4-13 Mechanical
Disc Brake

4.3 Material, Geometry and Component Selection
One of our main design objectives for the Quadricycle is to incorporate as many commercially available
off the shelf components (COTS) as possible and to avoid custom made parts whenever possible. Using
this objective as a guide, our final design incorporates many parts that can be found at any local bicycle
repair shop. However, since we are building the Quadricycle from the ground up, many components
such as the frame, seat, steering parts, drivetrain mounts, and various other brackets will be fabricated.
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Frame
The frame material we chose to use is 4130 chromoly steel. This alloy is a commonly used bicycle and
recumbent frame material since it provides adequate stiffness and strength, while maintaining low
manufacturing cost. The main manufacturing benefit is that it is easily cut and welded, and requires no
post-welding heat treatment. Aluminum was another option for frame material, but because of the
difficulty in manufacturing that it introduces as well as its higher initial cost, we determined that
chromoly would be a better choice.
Steering
The material we will use for the steering rod and vertical bracket is 304 stainless steel. Stainless steel is
an appropriate choice for these components because of its corrosion resistance. They will be unpainted
and exposed to the elements, while all other steel components will be painted. Steel is stiff enough to
support the seat and transmit the steering torque and forces within the required deflection
specifications. Stainless steel rod ends will be used to connect the tie rods to the vertical bracket and
the spindles.
The spindles we chose for the Quadricycle are off the shelf components that will require a small
modification to be able to function properly with our steering geometry. These spindles were an
appropriate choice for several reasons:




OEM quality part which is easily serviced with off the shelf replacement bushings.
Includes mounting point for disc brake calipers, saving us valuable manufacturing time.
Compatible with the wheels we chose (made by the same company) and have the proper
centerpoint angle built in.

Drivetrain
There are an extensive amount of components that go into the drive train to allow simultaneous hand
and foot motion. For the framework, 4130 chromoly tubing was selected for its relative stiffness,
strength, and cost. The tubing selected is 1.75” outer diameter and .049” thickness. For our application,
the deflections are acceptable using this size tubing. The top tube is sized at 35” in length. The bottom
tube is sized at 20” in length, and the intermediate telescoping tube is sized to be 16” in length when in
use and longer when adjusted. All components such as cranksets, bottom brackets, chain, derailleurs,
shifters, wheels, and hubs are off the shelf components and can be purchased at any bicycle retailer.
The selection of off the shelf components for the drivetrain was weighted on cost effectiveness and
durability for our given price range.
Hand Pedals
The hand pedal material chosen was 6061 T-6 aluminum for its high strength to weight ratio and
excellent weldability.
Seat
The seat frame material is made of T6-6061 Aluminum. T6-6061 Aluminum is an alloy commonly used
for the seat frame material because it is lightweight but provides the proper amount of stiffness and
strength for the load exerted on it. The bottom bar support material is 304 stainless steel. Although
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heavier, steel is about twice as strong as aluminum. Because of the high bending load in this part, the
mounts need to be of greater strength.
The supporting springs we have chosen are 4” Type 302 Stainless Steel, hook end, extension springs. The
cycle has two springs attached to the seat, each with a spring constant of 11.29 lbs/in, which supports
the distributed weight during lean steering.
Brakes
The brakes we have chosen are dual front disc, Avid model BB5. They will be actuated
by a dual pull handle such as the model shown in Figure 4-14. The dual pull handle is
required to actuate both brakes with one lever because one hand will need to be free to
actuate the shifter. These parts are very good quality replacement bicycle parts, are
inexpensive to replace, and can be found at any local bicycle shop.

Figure 4-14 Dual
Pull Hand Lever

Wheels
The front wheels we have chosen are 20 inch TerraTrike replacement wheels and tires. Since we are
using TerraTrike hubmount replacement spindles, these wheels are an appropriate match. The rear
wheel will be a standard 26 inch mountain bike wheel. The 26 inch size provides additional high gear to
help attain a higher top speed.

4.4 Cost analysis
Table 2 is a cost summary of the parts and materials that were required to build the Quadricycle,
organized by subsystem. A comprehensive list of parts and labor, quantity, and cost is located in
Appendix F.
Table 2 Bill of Materials and Cost for the Quadricycle

SUBSYSTEM COST BREAKDOWN
Drivetrain
Wheels

$243.60

Brakes

$161.73

Seat

$364.91

Frame

$123.30

Steering Components

$311.25

Fixtures/Material/Labor

$188.53

Shipping

$163.72

TOTAL COST:
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$1,117.97

$2,675.01

The original Quadricycle project budget was $2000. At the conclusion of the design phase a preliminary
bill of materials was created and we determined that our design could be manufactured for no less than
$2500. The additional cost was primarily due to the DaVinci Tandems® independent drive system.
Earlier in the design phase this part was not considered necessary, as the hand and foot motion was to
be synchronized.
When manufacturing was well underway the budget required further expansion to $2700 to
accommodate deviations from the original design. Some of these were changes to the hand pedal
concept, steering system upgrades, new longer cable and housing for the brakes and shifters,
modifications to the drivetrain geometry, and various extra hardware parts.
We have taken a conservative approach to choosing replacement bicycle parts; we are specifying parts
that are not high end but rather “recreational” level. The reason for this is so that replacements will be
inexpensive, if needed. These parts may easily be upgraded to higher quality ones for future Quadricycle
versions.

4.5 Safety Considerations
When operating the Quadricycle, a few safety considerations must be taken into account similar to
those when riding a two-wheeled bicycle. Listed below are some safety concerns that should be known
when riding to maintain one’s safety.


The wheels and tires on the Quadricycle are as sturdy as a normal bike. Take caution when
going off of curbs or when encountering other large road obstructions.



At this time, a sprocket guard has not been placed on the upper crankset. Take caution when
braking quickly as the sprocket is located the same level as the rider’s face.



Make sure all idler wheels are tensioned correctly, and make sure all chains are set properly in
the idler wheels to ensure chain doesn’t slip of fall off of the guided track.



At this time, a parking brake has not been included. Please take caution when entering into the
seat.



The Quadricycle is not a fixed gear at the driven wheel and therefore can roll backwards down a
hill if brakes or torque to the wheels is not applied correctly. Prepare in advance to avoid rolling
backwards down a hill.



For safety reasons, do not take turns at a speed that you are not comfortable taking, and do not
ride up hills that have more than a 12% grade.



Obey all other rules of road as you would on a standard bicycle.
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4.6 Maintenance and Repair
The Quadricycle has been designed with the goal of ease of maintenance and repair. Normal preventive
maintenance actions are similar to those a typical bicycle and can ideally be performed by the end user
or a qualified bicycle repair technician. All of the replacement bicycle parts that have been specified in
Table 3, bill of materials, can be purchased through any local bicycle repair shop.
The seat mesh can be found in stores or any online store that carry Greenspeed recumbent cycle parts.
There is either the navy blue or yellow 18-hole seat fabric, and either will work for the Quadricycle. The
bungee cord is a standard replacement cord for the Greenspeed seat fabric and can be purchased
through the same vendor as the mesh.

4.7 Analysis Results
Our final design satisfactorily meets most of our specifications outlined in chapter 3.1, which have been
repeated here for convenience. Table 3 shows the technical specifications and our current compliance.


The cycle must be powered mainly by hands, specifically in a circular, synchronized, prone
pedaling motion; the feet must move in a cycling motion as well and allow for parallel cycle
power. We will accomplish this by using a chain drive mechanism that connects the hand crank
to the foot crank.
o



Gears should be similar to a normal bike (21 speeds is one typical configuration; we can have
less). Mr. Davis mentioned how, unlike a bicycle rider, a hand cycle rider lacks the ability to use
body weight to gain a torque advantage. Therefore a low (under drive) gear is necessary and
will be considered in order to climb hills or start moving from an idle position.
o



The specification for cycling motion has been met. We have not been able to design
the drivetrain such that independent pedaling of the hands and feet is possible.

We have determined that while using a common size chain ring and cassette, we can
achieve our goal of a sufficiently low gear by using approximately a 2:1 reduction in the
hand and foot chain rings and sprockets. See Appendix D for the details of this
calculation.

Ease of assembly and disassembly is very important. Our initial goal is for the cycle to weigh less
than 50 lbs for portability and have push button release wheels for quick disassembly. The cycle
must have the ability to be taken apart in some capacity, and must fit into a typical vehicle or
truck bed.
o
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While the cycle has the ability to be disassembled, the goal of 50 lb weight might not be
met due to the required mass of the frame and drivetrain components.



Flywheel Concept: As mentioned by the kinesiology team, a flywheel might be useful to include
on the foot crank. A flywheel, with the help of hand power, would allow the feet to recover from
the pedaling extremities quicker using momentum to keep the rider’s feet moving. Although the
hand crank should provide enough momentum for the feet when in motion, additional analysis
will be needed to see if the flywheel will be helpful.
o

Currently our design does not incorporate a flywheel device. However, due to the
constraint mentioned above, the feet and hands will be synchronized so that
maintaining foot momentum with a flywheel device is unnecessary.

To analyze the deflections of the hand and foot boom, a 95th percentile male strength was used based
on research from FAA William J. Hughes Technical Center f.tc.faa.gov/technotes/dot_faa_ct_05_15.pdf.
Given a maximum hand force of 80 pounds total and a foot force of 100 pounds total, basic statics
analysis was completed to determine a worst possible case for deflection in the top and bottom bars.
With the selected tubing size of 1.75” outer and 1.65” inner diameter, the deflection on the bottom bar
is .0002” and the deflection on the top bar is .125”. We feel that these values are acceptable for the
purpose of these components. Detailed analysis can be seen in Appendix D.
Table 3 shows an evaluation of some of the technical specifications for the Quadricycle.
Table 3 Evaluation of Technical Specifications

Spec # Parameter Description

Requirement or Target Tolerance

Quadricycle
design
concept

Status

1

Weight

50 lbs

MAX

57

Not met

2

Turning Radius

12 feet

 2 feet

10

met

3

Ride Height

5 inches

+ 3 inches

6 inches

met

4

# of Wheels

3 wheels

EXACT

3

met

5

Cycle Width

25 inches

MAX

32

Not met

Chapter 5 Product Realization
The Quadricycle prototype was built between June and December
2010. The subsystems: frame, seat, drivetrain, brakes, wheels,
and steering were constructed or assembled independently as all
team members were in different locations over the summer.
During the fall quarter, the completed subsystems were
assembled. The following sections describe the techniques and
Figure 4-15 Frame tube notching tool
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processes that were used for the manufacture of each subsystem, as well as the changes that were
made to the original design.

5.1 Manufacturing Process
Frame
After all of the raw materials for the frame were acquired, the tubes that make up the frame assembly
were cut to length and notched to the correct angle using hole-saws and a tubing notcher shown in
Figure 4-15. In this figure, the tube is securely mounted in the vise, while the holesaw makes a mitered
cut.
Various other small parts, such as the wheel mounts, were cut, shaped, and drilled by hand using various
tools such as a grinder, band saw, and drill press.
In order to properly align all of the tubes during the welding process, a simple frame jig was designed,
shown in Figure 5-1, that would maintain the front and rear wheel alignment during tube welding. The
jig platform is a sheet of medium density fiberboard (MDF) which was chosen because of its flatness.
The vertical posts that hold the wheels mounts securely are construction strut commonly used to mount
fluid piping and electrical conduit. Because of its modular nature and the ability to be adjusted easily to
a wide range of positions, this material was a good choice for our jig.
The rear portion of the frame that secures the rear wheel
(stay) was taken from a salvaged mountain bike, as
mentioned earlier. The mountain bike stay required very
little modification in order to conform to our design
geometry. These modifications were made using common
hand tools.

Figure 5-1 Frame Jig

With the frame tubes held securely in the jig, each joint was tack welded (Figure 5-2), and the alignment
was checked one final time. The welding process used to join all of the tubes in the frame was Gas
Tungsten Arc Welding (GTAW), also commonly referred to as Tungsten Inert Gas (TIG) welding. TIG
welding is the preferred welding process for joining Chromoly alloy tubes and provides sufficient
strength for our application.
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Figure 5-2 The Frame tubes tack weld.

When all of the joint welds were complete, the frame assembly was removed from the jig and the
steering parts, wheels, and tires were installed in order to verify correct alignment. Figure 5-3 shows
the Quadricycle “rolling assembly” just following welding of the frame.

Figure 5-3 Quadricycle rolling assembly.

Steering
The steering system manufacturing process began by cutting the steer-rod to length. The steer rod is a
2 piece length of ½ inch type 304 stainless steel solid bar. The front section and rear section are
connected by a shaft coupler using a square keyway shown in Figure 5-4.
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Figure 5-4 The finished steer rod. (Left) rear section welded to the seat frame.
(Right) front section welded to the vertical bracket that transmits steering force to the wheels via the tie rods.

The 1/8” square key-way was machined into the shaft to accommodate the coupler using a vertical
milling machine. The vertical steer bracket was cut from a 1/8” thick sheet of type 304 stainless steel
using a plasma cutter and holes were drilled with a drill press. The vertical bracket was then welded to
the steer rod and the coupler was installed. Finally, the seat frame was fitted onto the rod, properly
aligned, and welded in place.
The shaft is mounted to the frame by three steel mounts shown in Figure 5-. These mounts were made
by fabricating three “bases” from ½ inch thick steel plate and welding a steel shaft collar to them.

Figure 5-6 steer rod assembled with coupler

Figure 5-7 Steer shaft mounts are composed of a steel collar
welded to a “base” which is welded to the frame tube.

The spindles that transfer the steering action from the tie rods to the wheels were Terratrike®
replacement parts and only required a small modification to account for Ackerman compensation as
described in section 4.2. Figure 5-5 shows one of the spindles with the tie rod mount welded in place
providing the necessary steering geometry.
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Figure 5-5 Modified TerraTrike® spindle with the tie rod attached to the new tab

The next piece of the steering system to be manufactured was the tie rods. The tie rods were made by
cutting a 5/16 inch stainless steel bar to length and welding a threaded stainless steel rod onto each end
(Figure 5-6). Next, a rod-end was installed at each end of the tie rods and locked in place by nuts.

Figure 5-6 Finished tie rod assembly.

Finally, a seat stopping bracket was added to the frame to adjust and limit the maximum steer angle.
This part consists of a small bracket and a bolt with two nuts that stop the seat frame from moving when
the travel limit is reached, as seen in Figure 5-7. The bolt can be adjusted to give different maximum
steer angles.

Figure 5-7 Seat stopper
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Seat
The seat fabrication was performed by Tom Hauth during the months of June to September 2010. The
seat frame was made from 7/8 inch T6-6061 Aluminum round tubing. The tubing was cut to length and
then welded together as shown on the part drawing #400A. See Figure 5-9 for seat frame welding.

Figure 5-9 Seat Frame Final Welding
Figure 5-8 Complete seat frame assembly.

After welding the seat together, 1/4” holes were drilled at the four points shown on drawing #401.
These four holes are for the screws that join the bottom brackets to the seat frame. To keep these
screws from shearing the seat frame, aluminum plugs were made to slide into the seat frame. The
aluminum plugs were sized at a diameter of 0.745 inches to fit inside the seat frame tubing. Once sized,
these four plugs were slid into the seat frame and a hole was drilled through. This is done one at a time
to easily align the plug hole with the seat frame hole. Once each plug hole was drilled and tapped with
¼-20 UNC threads, it was imperative to use a zip tie to keep these aligned. This process was repeated
until all four plugs were completed.
The next step was to manufacture the bottom brackets. The bottom brackets were made of ¾” 304
stainless steel square tubing. The tubes were cut to length and welded together. After, two holes were
drilled in each bracket, as shown on drawing #404, for the connecting screws to go through. Next, a ½”
hole was drilled through the middle of each bottom bracket for the steering rod to go through.
Once both brackets were completed, the next step was to join the seat frame and bottom brackets
together. This was carefully done by removing the zip ties from the seat frame, but ensuring that the
screw was placed before the plugs could move. After the screws were in place, the seat was finished.
See Figure 5-12 for the complete seat assembly.
After the seat was assembled, it was aligned with the steering rod on the frame. The steering rod was
fed through the bottom bracket holes and the rod was welded in place.
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After the seat was aligned with the frame, the seat mesh and foam were assembled onto the seat frame.
The seat mesh didn’t fit well with the custom design, so folds had to be made at the bending points of
the seat to get the smoothest surface. Figure 5-10 shows the wrinkles that occur and the fold that is
necessary for a smoother surface.

Figure 5-10: Folds in mesh.

The foam lies between the mesh and the frame. Starting from
the bottom of the seat, the edge of the foam and the edge of
the seat mesh were lined up with the edge of the seat frame
bars. The bungee cord was strung in a criss-cross formation
through the mesh holes which tightened the seat mesh and
foam around the seat frame to create a sturdy surface to sit
on. Once the mesh was tightened around the seat frame, the
extra foam protruded from the top of the seat as shown in
Figure 5-11.

Figure 5-11: Extra foam on top

The excess foam coming from the top was trimmed to the edge of the
seat mesh. After the seat foam was cleanly fitted and trimmed, and
the bungee cord was tightened all the way, the seat was complete.
Figure 5-15 shows how the bungee cord is strung through and the
foam trimmed to length.

Figure 5-12 Bungee Cord
Formation
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Drivetrain
The main components of the drive train were constructed
over the summer at teammate Parker Drennan’s residence
in Illinois. These components consisted of the three 1.75” x
.059” thickness 4130 tubes, two bottom bracket shells, a
front shifter mount, and a shell for the DaVinci drive
system.
The initial tubes were cut to lengths specified by SolidWorks
modeling. Our team accurately drew the bike in SolidWorks
how we had it originally designed, and then fit a human
model to determine lengths and angles.
We left the
lengths of the tube longer than expected to make room for
error, if any.
To cut the tubes, a portable band saw and a vise was used
for an adequate cutting accuracy. To notch the tubes, a drill
press and a vise was used. The drill press was fit with a
1.75” drill bit to drill out notches for the bottom bracket
shells, and the press was fit with a 1.5” drill bit to drill out
the hole for the DaVinci drive system shell.

Figure 5-13 Preliminary Fabrication and Assembly in
Illinois.

The bottom tube was cut to 25” in length. The bottom tube
was then notched on one side for the foot bottom bracket
shell. The other end of the tube was left flat to match up to
the frame. The 1.5” hole was then drilled for the DaVinci
drive system shell. The foot bottom bracket and DaVinci
shells were then welded into the bottom tube permanently.
The top tube connecting the two bottom brackets was then
cut to a length of 35”. The top tube was then notched on
both sides and the bottom bracket shell for the hand was
welded in. The top tube was then welded to the bottom
bracket shell for the feet. An intermediate tube was
notched and welded in between the two tubes for added
support. The shells holding the actual bottom brackets
were then welded into the prefit 1.75” diameter tubes on
the drivetrain frame. These shells were aligned properly to
assure each would align with a certain gear on the DaVinci
Drivetrain system.
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Figure 5-14: Idler arms added for tension in the two
chain lengths.

Components were then installed into the drivetrain frame. First the two bottom brackets were installed
with the cranksets. The cranksets had to be modified by removing two of the chain rings (the largest
and the smallest) from each crankset and spacers added to provide proper alignment. The DaVinci
system was then installed and chain was added to correct lengths. A picture of the preliminary
fabrication and assembly is shown in Figure 5-13.
There are a few things to note at the conclusion of preliminary stages of fabrication in Illinois. First, the
chains on the hand and foot cranks were initially too loose. Idler wheels were necessary to ensure the
chain did not slip when pedaling. Second, with the proposed drive configuration, the cranksets are
installed backwards. Thread locking compound is required to ensure the crankset bolts don’t loosen
during operation.
The drivetrain was then shipped to Millbrae, CA where Kevin and Parker welded the frame and
drivetrain pieces together. The drivetrain was welded to the frame at an angle of 20 degrees.
During fall quarter, our team continually met with our sponsor to resize the geometry of the drivetrain.
Several trial and error attempts were made to ensure the proper fit for our client. The main concerns
were the length from the seat to the foot pedals and the length from our client’s shoulders to the hand
pedals. Proper knee to hand pedal clearance had to be maintained as well.
The final geometry after sizing was complete includes an 18.5” bottom tube, 30.5” top tube, and a 30
degree angle from the frame. The intermediate tube was removed and a smaller 1.25” x .065” thickness
tube was installed. For all other measurements, see Appendix C for detailed drawings.
Idler pulleys were also installed along the length of the bike to provide tension and alignment for the
large length of chain that transmits power from the DaVinci mechanism to the drive wheel. This can
also be seen in Figure 5-14.

Figure 5-15: Idler wheel guides attached along the length of bike provide tension and alignment for the chain passing from
the DaVinci System to the rear drive wheel.

The hand pedals were made from 6061 T6 aluminum bar stock and tubing and use existing foot pedal
cranks to connect to the hand pedal “bottom bracket”. The process of manufacturing these pedals
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began by bending two pieces of 1 inch aluminum tube on a 3 inch radius to approximately a 105 degree
angle, which was performed by Gentry Welding and Fabrication of San Luis Obispo. Next, the parts used
to house the bearings and mount the handles were machined on a manual lathe, and the handles were
cut to length from 1.25 inch aluminum tubing. After all of the individual components were fabricated
and prepared, all of the parts were welded together by Kevin Williams of the Cal Poly IME department.
Finally, the bearings were installed and a retaining mechanism using set screws was utilized to keep the
bearings in place. Figure 5-16 shows the hand pedals before and after final assembly. The installed hand
pedals can be seen in Figure 5-17.
Figure 5-21 shows the completed Quadricycle as of December 2, 2010.

Figure 5-16 Hand Pedals Before and After Final Assembly

Figure 5-17 Hand pedals installed onto frame
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Figure 5-18: Final assembly as presented at the senior design expo on December 2, 2010.

5.2 Deviation from original Design
During the manufacturing and testing process, we discovered several features of the Quadricycle that
required a design change. The deviations from the original design were required because the strength or
quality of the part was inadequate, the part was difficult or impossible to manufacture with the
available resources, or the part failed to meet the design requirements.
Steering
Several modifications were made to the original steering system design described in section 4.2. The
original design was a single piece shaft mounted with three bushings. The original method for attaching
the vertical bracket was to pin the bracket through a hole drilled in the shaft and secure the assembly
with a ½ inch nut. This method, shown on the left in Figure 5-19, failed to provide smooth operation
and failed shortly after its initial test. To correct this deficiency, the bracket was welded to the shaft and
the split shaft design using a shaft coupler was employed to facilitate bushing replacement. This revised
design has proven to provide acceptable results.
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Figure 5-19: Original steer rod design (left) failed quickly after its initial test. The re-designed steer rod is shown on the right.

Figure 5-20 Shaft collar with bushing
installed. Note the gap between the
upper and lower halves of the collar.

The seat steer rod bushing support mounts were originally designed to
be machined out of a single piece of steel plate. Due to the lack of
machine shop resources during the time that manufacturing occurred
over the summer, a new design was implemented that was more
appropriate for the available tools. The new design (Figure 5-23) uses
a shaft collar that has a 5/8 inch bore similar to the outside diameter
of the bushing. The drawback to this design is that the collars cannot
be tightened fully without crushing the bearing. This is due to the
inherent design of the shaft collar, the purpose of which is to lock into
a shaft. The solution to this problem requires a thread locking
compound to be used when the steering system is assembled to
prevent the bolts from loosening.

Seat
When our client tested the seat, it was very upright and uncomfortable. This was due to the lack of
angle on the bottom of the seat. In order to create an angle on the bottom of the seat, as well as more
support for the upper part of the legs, a ramp was made to insert on the bottom of the seat. This
created more of an angle on the bottom as well as extended the support on the bottom by about 4
inches forward. The ramp was made out of polyurethane foam, which is a common foam material that
surfboards are made from. Polyurethane foam is a lightweight, stiff foam material that can be easily
shaped. The ramp was sanded to a ramp shape and small leg grooves were sanded down to add
comfort. To complete the seat, the seat foam and the seat mesh were assembled onto the seat frame
and over the seat ramp to complete the seat. The seat ramp is shown in Figure 5-21.
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Figure 5-21: Seat Ramp Installation

The addition of the ramp created a hard surface for the rider
to sit on. Softer and lighter foam was added to the bottom of
the seat to create a softer cushion on the bottom. This
relieved some of the pressure on the flat board of the ramp.
Figure 5-22 shows the additional thin foam placed on the
bottom of the seat ramp for increased comfort.

Figure 5-22: Additional thin seat foam.

The top horizontal bar across the seat created a pressure point
on the spine, and prevented the rider from leaning back to a
comfortable position. To fix this we repositioned the top bar at
a slight angle. We cut and re-welded the top bar so that it gave
more room to lean back. The difference between the original
and fixed top bar can be seen in Figure 5-23.

Figure 5-23: Top bar modification
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Drivetrain
The drivetrain differs greatly from the original final design in May. The biggest factor was cost. It was
costly to have an adjustable drivetrain that could also be independently powered by hands and feet. For
this senior project, the adjustability of the drivetrain was determined to be more costly and harder to
fabricate, so this feature of the design was eliminated. This eliminated the telescoping tubes, linear
bearing, pinned joints, angle bracket, and any locking mechanisms needed that would have been
required for a fully adjustable drivetrain.

Figure 5-24: (Left) Original design concept. (Right) Final design concept without full assembly.

5.3 Manufacturing Recommendations
Frame
One lesson learned from the frame manufacturing process was that considerable welding time and skill
was required to complete some of the welded joints. Future modifications of the Quadricycle frame
design should focus on methods to reduce the difficulty and quantity of the welds. This would save cost
in manufacturing as the fabricator could complete the frame assembly in less time.
Steering
The seat steer rod bushing support mounts should be manufactured as originally designed. As
mentioned above, current design is not ideal but was chosen for convenience and ease of
manufacturing over the summer.
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Seat
To avoid the ramp addition, the seat could be improved by extending and angling the bottom bars. The
change to the top bar of the seat frame helped a lot and would be best if all seats were manufactured
with the bent back bar. To add comfort, the seat could be about 2 inches wider. As the seat is now, the
rider is sitting on top of the side bars, which causes the rider to sit more towards the front than
anticipated.
If the seat was made wider, the width of the mesh would have to be considered. The mesh used
worked perfectly to cover the sides, but it would’ve been better to wrap all the way around. Because of
the custom bends in the seat, it would be recommended to cut and sew the mesh to look more
aesthetically cleaner.
The foam used was good because it was dense and gave padding over the aluminum bars, however
additional padding would be better for the bottom of the seat. Since the foam is so dense, it is still stiff
on the bottom. More spongy foam for just the bottom of the seat is necessary for additional comfort.

Chapter 6 Design Verification (Testing)
Our DFMEA (Design Failure Mode Effects Analysis) and DVP&R (Design Verification Plan and Report) are
tools used by product design industry to ensure that one’s products meet the requirements and
specifications of the consumer and guarantee that the final product will not break or fail in any way.
The DFMEA shown in Figure 6-1 describes many ways in which our design can fail as well as quantifying
the severity of the failure. By proactively identifying these failure modes, we have designed the cycle to
prevent them from occurring.
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Design Failure Mode and Effects Analysis
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Team:
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tension/Life Tension,
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1
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1
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3
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1

7

Tighten/Loosen cable…
Replace cable

Pad
3
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4
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6
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3
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8
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tension/Cali
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1
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No Steering, Injury

6
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2
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8
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6
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Unstable vehicle
8
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4
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5
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5

2
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3
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5
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Figure 6-1 Design Failure Mode and Effects Analysis
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Testing of the Quadricycle is broken into several parts. These parts include drive train, steering, braking,
comfort, and noise reduction. Testing was performed throughout the fall quarter in parallel with the
final stages of manufacturing and assembly. All of the testing was conducted on the Cal Poly campus.
The following is a brief summary of all tests that were performed on the Quadricycle to ensure safety
and function. The detailed DVP&R can be seen in Appendix E.


The chain, derailleur, and brake line tension tests make sure these components have the perfect
amount of tension. Too much tension will cause the components to work improperly. All
function in any of the parts would be lost if there is too little tension in the lines.



The derailleur test ensures the Quadricycle will not suddenly slip to unwanted gears, which can
cause pain in the arms and legs. If properly installed, the derailleur should shift smoothly
without problems.



The Quadricycle must never require more than fifty pounds of force to drive. Using the gear
ratio test, the cycle’s higher gear ratios were tested to guarantee this force requirement is met.



The brake squeeze test allows our team to analyze the force required to brake the Quadricycle.
Adjustments were made to the brakes after initial installation and as of the final testing,
function acceptably. The brakes will also be tested to confirm that the Quadricycle can stop at a
fixed distance for a given speed.



A Steering test was performed to ensure steering angles were designed correctly, and also to
make sure that things like ‘bump steer’ do not occur.



All other part performance, such as chain guides, were tested by several ride sessions
performed throughout the quarter.



Excessive noise in the Quadricycle can be annoying. The cycle was ridden in the early assembly
stage to determine any causes of excess noise. Figure 6-2, shows team member, Spencer
Nelson riding the Quadricycle during an initial test.
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Figure 6-2: Ride testing the Quadricycle



The user should feel comfortable when riding the Quadricycle for extended periods of time. The
seat test ensured that the seat comfort is adequate for long periods of use.



The drivetrain geometry must be fitted to our client’s specific needs to ensure that the risk of
injury or fatigue is minimized. Figure 6-3 is a picture of measurements taken to determine
optimum geometry.

Figure 6-3: Resizing the drivetrain geometry to fit to client’s needs.
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Test Results
All testing met criteria specified in the DVP&R except the seat, noise, and the steer triangle. At first the
seat was completely unacceptable. Wedges were inserted into the bottom of the seat to provide incline
and the top back bar was moved further back to provide a slight recline. These adjustments made the
seat okay to ride for longer periods of time.
The noise is a problem that is unfortunately unavoidable with the components selected. With a larger
budget, plastic idler wheels would have been avoided, and less noisy wheels with teeth would have
been selected instead.
The steer vertical bracket also failed during the first stages of testing. This was because of a
misalignment between the bracket, tie rods, and wheels. This problem was fixed, and the steer vertical
bracket did not fail later testing.

Figure 6-4: Scott Davis ride testing the finished design.

Chapter 7 Conclusion and Recommendations
Throughout the design and manufacturing process, we have identified several areas of the Quadricycle
that could be improved if future versions are produced. While we feel that the finished Quadricycle
prototype is fully functional, several features that were included in the original design were not
implemented, either due to time or budget restrictions. If the Quadricycle design is to be improved or a
second prototype is to be built, we make the following recommendations organized by subsystem.
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Frame:
The frame geometry satisfactorily meets the given design requirements for wheelbase and track width.
The frame also has proven to perform well in ride quality and handling tests, which are subjective in
nature. During these tests we have observed, however, that the stiffness of the rear wheel mount
(wheel stay) could be improved. A thorough analysis of the expected cornering loads is required to
determine the optimum tubing dimensions.
One major technical specification for the Quadricycle that we failed to meet was the weight
requirement of 50 lbs. Since the frame/drivetrain assembly is the single heaviest part of the cycle, it
makes sense to analyze it to find areas for weight savings. The material thickness chosen for the frame
was based on similar recumbent bike frame tubing dimensions. Using modern stress analysis tools and
worst case expected loading, the tubing sizes for a future Quadricycle frame could be optimized, which
could lower the overall weight of the frame.
Steering
Overall, the performance of the steering system meets the basic requirements for turn radius, and lean
angle. One unanticipated problem with the steering is the presence of backlash due to the coupler
between the front and rear steer shafts. This coupler is necessary for our design to facilitate
replacement of the bushings that support the shaft. We have found during our tests that the backlash
can be minimized if a locking compound is used when installing the setscrew on the coupler, however an
ideal future steering design should attempt to minimize or eliminate the backlash completely. This
could be accomplished if a single piece steer shaft were used.
Seat
The seat meets the given design requirements for the seat steering concept. The design allows free side
to side leaning movement and stays clear from any arm circling motion. Although it meets the compact
design requirement, one major complication was the support for the upper thigh area. The addition of
the foam ramp was sufficient; however, it added more stiffness to the seat than necessary. The seat
foam is very dense, which acts as a support surface for the seat, but doesn’t help the bottom where
there is the most force. Taking this into consideration, a layer of softer foam was added to the bottom,
which all together made the seat heavier than desired.
For future designs, modifying the seat frame to have an angled bottom and extending the front further
forward would increase the comfort and leg support. It is recommended that the seat foam is kept as
dense as the existing foam because softer foam may not give as much support for the rest of the body.
However, softer foam can be added on the bottom for more comfort. Another design issue to consider
is the width of the seat frame. For a more general public, a width of about 16 inches would be better to
account for various sizes of people. The largest single issue is the ease of ingress / egress to the
cycle. During our testing phase, we observed that having an open space on the sides of the seat and
allowing the seat to lean made it easier for our client. In earlier design concepts, we considered putting
retractable arm rests to help our client lift himself from the seat. We also considered locking the seat in
place so that it would be a stable support. These should still be considered in future designs to help
resolve this issue.
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Overall, the design of the seat worked well for our design concept. The ramp additions and foam
additions were necessary and improved the riding experience for our client.
Drivetrain
As mentioned above, the largest single issue is the ease of ingress / egress to the cycle. During our
testing phase, we observed that our customer has difficulty getting positioned in the cycle and requires
assistance to get out. The early design concept for the front drivetrain tubes was to use pin jointed,
telescoping tubes so that the hand pedals could be moved out of the way. Future Quadricycle design
could implement this telescoping tube idea.
The sprocket guard for the upper chain ring is currently not present. Without this, the user could easily
stop abruptly and injure his/her face. A simple chain guard made for professionally built hand and foot
cycles should work properly.
At the conclusion of this project, the front derailleur is non-existent. The installation and alignment of
the derailleur was not possible due to a lack of clearance and the angle of the drivetrain from the frame.
Although the rider cannot shift the front chainring between gears, we have found that there is adequate
gearing through the rear wheel to provide enough power or speed for now.
During the testing phase, one main weak area was noticed with the hand pedal design. A moment load
is placed on the bearings, which may cause excessive wear over time of the aluminum parts resulting in
excessive play in the handle joint. As of this time we have no suggestion as to how to improve this
design or eliminate the problem.
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